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Many species of small herbivorous animals such as insects, voles, rabbits, and leaf-eating birds exhibit wide variation in population numbers through time. Populations of some species remain at low levels for a number of years, erupting to high levels at irregular intervals (Berryman and Baltensweiler 1981) . Spruce budworm (Morris 1963) , the African armyworm (Khasimuddin 1981a; Odiyo 1981) , many species of bark beetles (Berryman 1979) , and locusts (Kennedy 1956; Tsyplenkov 1978) typify these species. Populations of other species exhibit remarkably regular cycles (Berryman and Baltensweiler 1981) with periodicities of about 4 yr in microtine rodents (voles and lemmings; Keith 1974; Finerty 1980) , and about 10 yr in muskrats, hares (Keith 1974; Finerty 1980) , grouse and ptarmigan (Keith 1963) , larch budmoth (Baltensweiler et al. 1977) , Douglas-fir tussock moth (Brookes et al. 1978) , and forest tent caterpillars (Hodson 1941 ). These population variations have been of great interest to theoretical ecologists and pest and game managers for many years. Traditionally, population variations have been attributed to a combination of direct weather-induced changes in mortality and natality of herbivores, together with effects of competition for food and varying levels of predation, parasitism, and disease (see Cold Spring Harbor Symposia on Quantitative Biology 1957). This is because population eruptions are sometimes correlated with unusual weather, and population collapses are sometimes associated with food depletion and increased levels of parasitism, predation, and disease. However, mathematical population models based on these classical factors have so far proved relatively unsuccessful in predicting population trends (Baltensweiler 1968; Fye 1974; Stehr 1974; Waters and Stark 1980) . The correlation between eruptions and unusual weather is not clear-cut. Usually the correlation is only a partial one. It is also becoming clear that weather often acts indirectly rather than directly affecting herbivore mortality. Similarly, populations often collapse in the presence of an abundance of food, and in a way that cannot be accounted for by weather, predation, parasitism, or disease (see Rhoades 1983a) . Am. Nat. 1985 . Vol. 125, pp. 205-238. ? 1985 1.-Offensive-defensive coevolution between consumers and producers. Solid arrows = "lead to the evolution of"; dashed arrows = "selects against." Defensive adaptations refer to producers and offensive adaptations refer to consumers.
In these traditional models, plants have been viewed as passive participants. There is now strong evidence, however, that plants are far from passive in their interactions with herbivores. In this paper, I briefly review the evidence that plants are defended against herbivores, that plant nutritional quality to herbivores can vary as a function of physical stress of plants and degree of herbivory experienced by plants, and that defensive communication between plants exists. I postulate that acquired immunity to herbivores may be an important component of plant defense. Finally, I suggest that there may be two alternative strategies of herbivores to counter plant defensive systems. These strategies may explain why population levels of some species of herbivores are variable while those of others are relatively invariant, why some species of herbivores exhibit phase polymorphism, and together with other considerations, why it has proved difficult to demonstrate competition between herbivores.
DEFENSIVE ADAPTATIONS OF PLANTS AND COMPLEMENTARY OFFENSIVE ADAPTATIONS OF HERBIVORES

Offensive-Defensive Coevolution between Consumers and Producers
The existence of producer organisms has led to the evolution of consumer organisms that prey on them ( fig. 1 ). Individual producer organisms with properties which render them less suitable as prey should be at a relative advantage compared to individual producers which lack these properties. Predation by consumers on producers should therefore lead to the evolution of defensive adaptations in producers ( fig. 1) . Similarly, individual consumers with properties that enable them to overcome prey defenses will be at an advantage. This should lead to the evolution of offensive adaptations in consumers that decrease the effectiveness of prey defenses. These offensive adaptations, in turn, feed back to select for amplified prey defenses, and so on. The evolutionary positive-feedback loop between offense and defense is probably largely controlled by the metabolic cost (Leonard 1977; McKey 1979; Rhoades 1979; McLaughlin and Shriner 1980; Mooney and Gulman 1982) 
Passive Plant Defense and Counteradaptations of Herbivores
During the last 30 years it has become clear that many of the chemical constituents of plants (plant secondary metabolites) protect plants against attack from pathogens and herbivores, and are used by plants to interfere with the growth or germination of competing plants (Rice 1974; Wallace and Mansell 1976; Harborne 1978; Rosenthal and Janzen 1979) . With respect to plant-herbivore interactions, attention has been focused, until quite recently, on preformed constitutive (Levin 1971) defensive substances of plants ( fig. 2.1 ) that deter and toxify herbivores. Some of these compounds, such as alkaloids and cyanogens, have a direct toxic action. Others, such as tannins and lignins, may act by reducing the digestibility of plant tissues (Feeny 1975 (Feeny , 1976 Rhoades and Cates 1976; Rhoades 1979; Swain 1979 ; but see Bernays 1981; Klocke and Chan 1982; Zucker 1983) .
To circumvent the effects of plant defensive substances, herbivores have evolved detoxification mechanisms ( fig. 2.2) . The most widely recognized of these mechanisms is metabolic conversion of the defensive substance to a less toxic derivative, followed by excretion of the metabolite or its conjugate (Millburn 1978; Brattsten 1979; Dowd et al. 1983 ). In addition, dietary toxins are degraded within the gut of ruminant and nonruminant vertebrates by microbial activity (Freeland and Janzen 1974; Allison and Cook 1981) . The high gut pH observed in many phytophagous insects may be an adaptation to inhibit complex formation between plant tannins and proteins or other dietary constituents, to thus circumvent the digestibility-reducing action of tannins in plant tissues (Feeny 1970; Rhoades 1977; Berenbaum 1980) . Some adapted herbivores have evolved refractory metabolism in which target enzyme systems are relatively insensitive to plant toxins (Rosenthal et al. 1976; Vaughan and Jungreis 1977; Jaenike et al. 1983) .
In addition to detoxifying plant defensive metabolites, most herbivores, to one degree or another, use these substances as cuing stimuli to aid in the recognition of their host plants (see Rhoades 1983a) . Use of plant defensive chemicals has been carried a stage further by many herbivores which store them for their own defense (Rothschild 1973) or nutritionally benefit from their presence in the food (Rosenthal et al. 1977; Berenbaum 1981; Bernays and Woodhead 1982; McFarlane and Distler 1982) .
Besides detoxifying and using plant defensive substances, herbivores also avoid them ( fig. 2. 3). Food selection by herbivores is determined largely by a general positive response to sugars, salts, amino acids, and other primary nutrients found in all plants, coupled with positive and negative responses to the specific secondary metabolites in host and nonhost plant species (see Rhoades 1983a) . Within a host plant species, or within an individual host plant, herbivores often preferentially attack those plants or tissues which contain low levels of secondary metabolites (Jones 1972; Cates 1975; McKey 1979; Rhoades 1979; Schultz 1983a; Whitham 1983) . The demonstration of deterrence of herbivore feeding or oviposition by secondary metabolites ( fig. 2. 3) has been one of the main methods used to establish the protective action of secondary metabolites to plants (Rhoades 1979) .
The discussion to this point encompasses what can be termed the theory of passive plant defense against herbivores (see Fraenkel 1959; Ehrlich and Raven 1965; Feeny 1975 Feeny , 1976 Rhoades and Cates 1976) . Salient features can be summarized as follows. Each species of plant has evolved a unique set of defensive metabolites which deter attack from most herbivores except those few species which have broken through the defenses by counteradaptation. Each species of herbivore has evolved counteradaptations against the defenses of a limited number of plant species. Herbivores use the plant defensive systems to which they are adapted as host-finding cues and feeding stimulants, while avoiding plant species containing defensive systems to which they are not adapted and those tissues of their host species which contain levels of defensive substances sufficient to overload the accommodation mechanisms of the herbivores. Apart from containing defensive chemicals, the plants were regarded as passive, and their defenses were regarded as static. It is now becoming clear that plants are much less passive in their interactions with herbivores than originally conceived, and their defenses are far from static.
Active Plant Defense and Counteradaptations of Herbivores
A variety of influences stressful to plants promotes attack by phytophagous insects. These stressful influences include water deficit or surplus, unusual or rapidly changing climatic conditions, nutrient-poor soils, competition from other plants, pollution, and damage during cultural operations (see Mattson and Addy 1975; Rhoades 1983a) . White (1969 White ( , 1974 White ( , 1976 suggested that insects often preferentially attack physically stressed plants, and exhibit high fecundity and survival when feeding on them, because stress leads to increased concentrations of free amino acids and other soluble nitrogenous constituents in plant tissues. Compromised defensive systems in stressed plants are probably of greater importance, however (Rhoades 1979 (Rhoades , 1983a Wright et al. 1979; Waring and Pitman 1983) . Thus, by attacking stressed plants, herbivores can minimize their exposure to plant defenses ( fig. 2.3 ). For example, the oleoresin exudation pressure of pines experiencing a water deficit is reduced, resulting in increased bark beetle survival (Vite 1961) . Similarly, defoliation causes decreased monoterpene production in the stems of grand firs, which promotes successful attack by the fir engraver beetle (Wright et al. 1979) . In other cases, the effects of stress on plant defensive chemistry are less clear-cut. While some compounds decrease in concentration in tissues of stressed plants, other compounds increase. This may be due to reallocation, by stressed plants, of resources from costly but effective defensive systems to less costly but less effective defensive systems (Rhoades 1979 (Rhoades , 1983a .
While most experimental work and theory concerning the effects of plant defenses on plant-herbivore interactions has, until recently, focused on preformed constitutive defenses, the dual importance of constitutive and inducible plant defenses has long been recognized by plant pathologists (Muller and Borger 1941; Muller 1956; Levin 1971; Horsfall and Cowling 1980) . Inoculation with fungi (Suzuki 1980) , bacteria (Goodman 1980) , viruses (Hamilton 1980) , and nematodes (McIntyre 1980) can increase resistance of plants to further challenges by the pathogens (see also Kuc 1982) . In the case of attack by fungi, the mechanisms of induced resistance are fairly well understood. They involve the accumulation of low molecular weight antibiotic compounds (phytoalexins) and polymeric lignins, tannins, enzyme inhibitors, and agglutinins (Kuc and Caruso 1977; Suzuki 1980) . During the last 10 years we have recognized that plants also possess inducible defenses against herbivores ( fig. 2.4) . Plants can change their chemical properties to render their tissues less suitable for herbivore growth and development in direct response to herbivore damage or simulated herbivore damage. Much of the evidence for these plant responses has been reviewed by Rhoades (1979 Rhoades ( , 1983a ; see also Berryman 1972; Raffa and Berryman 1982; Schultz and Baldwin 1982; Karban 1983; McNaughton and Tarrants 1983) . Rapid responses, which affect current herbivores, and delayed responses, which protect plants against subsequent generations of herbivores, are known (Haukioja and Hakala 1975; Haukioja 1980; Rhoades 1983a ). Responses do not appear to be restricted to plants of any particular taxonomic affinity or growth form. Systemic accumulation of leaf phenolic compounds following leaf damage has been observed in many species of trees. Local production of terpenes at the site of damage is a common response of conifers to attack by bark beetles. A variety of chemical responses has been observed in herbaceous plants. Whether damage-induced responses are caused by increased content of constitutive defensive chemicals or the accumulation of different substances is unknown in many cases, but both types of response have been observed. For example, fiber (lignocellulose) in larch (Benz 1974 (Benz , 1977 and wheatgrass (Higgins et al. 1977) or tanninlike substances in birch (Niemela et al. 1979) , alder (Rhoades 1983b) , sedge (Rhoades 1983a) , oak (Schultz and Baldwin 1982) , maple and poplar (Baldwin and Schultz 1983) , or silica in grasses (McNaughton and Tarrants 1983) are all present at relatively high concentrations in the unattacked plants, with moderate increases stimulated by insect or mechanical damage. On the other hand, proteinase inhibitors in tomato (Nelson et al. 1983) , coumestrol (an estrogenic compound) in alfalfa (Loper 1968) , and juvabione-related compounds (potential insect juvenile hormone analogues) in firs (Puritch and Nijholt 1974) , produced by the plants in response to insects or mechanical damage, are not present or are scarcely detectable in unattacked plants. I suggest that the concepts of "qualitative" and "quantitative" plant defensive systems proposed by Feeny (1975 Feeny ( , 1976 ; see also Rhoades and Cates 1976; Rhoades 1979) may be useful in explaining this dichotomy. Quantitative defensive substances such as lignin, tannins, and silica are postulated to act in a dose-dependent manner, even against adapted herbivores. An attacked plant can therefore gain protection against subsequent attack from the same herbivore by increasing the concentration of these substances in its tissues. On the other hand, qualitative defensive substances such as specific enzyme inhibitors and animal hormone analogues, although providing protection from nonadapted herbivores at low concentration, are postulated to provide little protection against adapted herbivores even at very high concentrations. An attacked plant would therefore gain little protection against subsequent attack from the same consumer by increasing the concentration of qualitative defensive substances already present during the initial attack. In this case, the synthesis of novel substances, not present in the unattacked plant, would be a more effective defense. We can therefore expect that responses involving quantitative defensive substances usually should result from increases in concentration of substances present in significant quantities in unattacked plants, whereas responses involving qualitative defensive substances should usually be caused by substances not found in significant concentrations in unattacked plants. In other words, quantitative defenses should participate mainly in quantitative responses and qualitative defenses should participate mainly in qualitative responses.
The existence of inducible defensive responses in plants should select for adaptations in herbivores to suppress the responses ( fig. 2.5 ). In addition, given that plant defensive systems are plastic, adaptations in herbivores that actively decrease levels of defense in plants ( fig. 2.6 ) are likely. There is evidence for both of these tactics in herbivores. Many species of bark beetles mass-attack their host trees using aggregation pheromones (Coster and Johnson 1979; Wood 1982) . In some conifers, exudation pressure of preformed resin (the constitutive defense) and local synthesis of resin at the site of attack (the induced defense) are so reduced by the weight of numbers of attacking beetles that the tree succumbs (Berryman 1969 (Berryman , 1972 Cates and Alexander 1982; Raffa and Berryman 1983) . Thus, through concerted attack, bark beetles can reduce the effectiveness of host defenses far below that experienced by a single attacking beetle ( fig. 2.6 ). Some insects, particularly bark beetles and other boring insects, are dependent on ectosymbiotic relationships with viruses, mycoplasms, bacteria, fungi, protozoa, or nematodes to achieve successful attack. The symbionts infest and propagate in the plant, increase the nutritional quality of plant tissues to the insect, and in some cases, themselves become the main food source (Norris 1979; Whitney 1982) . Leaf composting by leaf-cutting ants (Cherrett 1972) can be viewed as an extreme form of this tactic. Gall-forming and plant-sucking arthropods in general are known, or strongly suspected, to inject substances into plants that increase their nutritional quality (Miles 1968a (Miles , 1968b (Miles , 1978 Dieleman 1969; Carter 1973; Osborne 1973; Markkula et al. 1976; Hori 1976; Hori and Endo 1977; Dropkin 1979; Norris 1979; Cornell 1983a Cornell , 1983b . For instance, the saliva of Hemiptera often contains polyphenoloxidase enzymes which appear to oxidatively neutralize plant defensive phenolic compounds and/or be involved in the production of auxin-like compounds in situ ( fig. 2. 6; Miles 1968a Miles , 1968b Miles , 1978 . Sirex wood wasps inject a toxin and spores of a symbiotic fungus during oviposition in stems of Pinus radiata. The toxin blocks translocation of photosynthate from the leaves, curtailing synthesis by the plant of polyphenols and resins in the attack lesions. Exudation of preformed resin into the lesions is also reduced. The fungus then rapidly invades the conductive tissue of the plant to induce transpirational stress and provide a suitable substrate for the developing Sirex larvae ( fig. 2 .6; Coutts 1968 Coutts , 1969a Coutts , 1969b Madden 1977) . Some lepidopteran leaf-miners retard senescence of leaves in which they are feeding to produce "green islands" in the leaves. Mined areas of leaves and the caterpillars contain high levels of cytokinins (Engelbrecht et al. 1969; Engelbrecht 1971) . Green islands have also been observed to develop around the feeding sites of other insects (see Osborne 1973; Kahn and Cornell 1983) .
The squash beetle Epilachna tredecimnota cuts a circular trench around an area of squash leaf, so that only a few veins and pieces of lower epidermis hold the encircled leaf section in place. The beetle then feeds on the excised area. This behavior prevents the plant from mobilizing defensive substances into the feeding site ( fig. 2 .5; Carroll and Hoffman 1980) . Alder sawflies (Eriocampa ovata) cut all the main veins of a leaf of red alder before feeding on it (Mackay and Wellington 1977) . Many insect species girdle a stem before feeding on the distal part or attack a petiole before feeding on the leaf (see Rhoades 1983a) . These behaviors probably prevent the mobilization of defensive chemicals into the feeding region (fig. 2.5), or cause the accumulation of nutrients in it, or both. There may also be less obvious ways in which herbivores suppress plant defensive responses ( fig. 2 .5), for instance by producing salivary components that interfere with the mechanisms which plants must possess in order to recognize damage. For instance, Miles (1968a) suggested that one of the functions of the salivary sheath secreted by phytophagous Hemiptera may be to reduce the chance of defensive responses by the plants.
It would be adaptive for plants to recognize the difference between mechanical damage and herbivore damage and also between damage by different herbivore species ( fig. 2.7 ). Acquired immunity of plants against particular herbivore species is a further possibility ( fig. 2.7 ). Effects of this kind are well established in interactions between plants and pathogens. In many cases, plant pathogens suc-cessfully invade susceptible hosts not so much because they can detoxify or tolerate the defensive response of their host plant, but rather because they are not recognized as foreign by the plant and defensive responses are not induced (Sequeira 1980) . To my knowledge, there is no direct evidence for differential defensive response of plants to mechanical versus herbivore damage, to damage by different herbivore species, or for acquired immunity in plants to particular herbivore species. There is, however, considerable evidence showing that regrowth rates of plants following grazing by grasshoppers and ungulates, or following mechanical clipping plus application of saliva or saliva components, can differ significantly from regrowth rates following clipping alone (Reardon et al. 1972 (Reardon et al. , 1974 Dyer and Bokhari 1976; Dyer 1980; Capinera and Roltsch 1980; . In some cases regrowth was reduced compared to clipped controls, in others it was stimulated, and in still others no difference was observed. These various effects on regrowth rates are possibly manifestations of underlying offensive-defensive interactions between plants and herbivores in which enhanced regrowth rates are associated with an induced increase in food quality caused by herbivore salivary secretions, whereas decreased regrowth rates are associated with an induced decrease in food quality controlled by the plant. In other words, herbivore saliva may contain factors which cause plants to allocate more resources to growth and less to defense ( fig. 2.6 ). If the plant has evolved mechanisms to recognize the salivary factors of the particular herbivore, with or without prior conditioning from attack by that herbivore, the plant allocates less to growth and more to defense following an attack ( fig. 2.7 ). Comparisons of defensive commitment and regrowth rates of plants following mechanical damage with those following attack by a series of herbivores which vary in their degree of natural association with the plants, and following attack by herbivores on naive plants versus plants conditioned by previous attack, may prove revealing.
My interpretation of the effects of salivary constituents on plant regrowth following damage differs from that of Dyer et al. (1982) . These investigators (see also Owen and Wiegert 1976, 1982) inferred, from cases in which grazing or treatment with salivary extracts stimulated plant growth, that plant-grazer interactions have a mutualistic component, at least at low levels of damage. As noted by McNaughton (1979) and Stenseth (1983) , however, increased growth caused by grazing does not necessarily lead to increased plant reproductive fitness. To my knowledge, there is no evidence for enhanced reproductive fitness of grazed plants relative to ungrazed competitors. In addition, it is difficult to reconcile cases of decreased growth of plants caused by salivary and crop secretions , or decreased growth of plants grazed by herbivores compared to clipped controls (Capinera and Roltsch 1980) , with plant-grazer mutualism. On the other hand, both stimulation and inhibition of plant growth by herbivores and their secretions can be readily understood if herbivores have evolved adaptations to manipulate plant nutritional quality to the advantage of the herbivores, and plants, in turn, have evolved mechanisms to recognize these adaptations and use them as defensive cues.
If recognition and acquired immunity are components of plant defensive adapta- (Uvarov 1977; Taylor 1979) , spruce budworm (Clark et al. 1978) , larch budmoth (Baltensweiler and Fischlin 1979) , tent caterpillars (Wellington 1980) , armyworms (Odiyo 1981) , and voles (Thompson 1955; Finerty 1980) , may also use this tactic by immigrating into populations of naive plants and then emigrating before, or as soon as, defensive responses are induced. Advanced warning of attack ( fig. 2 .10) would be highly advantageous to plants. There is limited evidence that unattacked plants can detect and defensively respond to airborne substances emitted by nearby attacked plants. Rhoades (1983b) found that leaf quality, as measured in bioassays, of Salix sitchensis trees attacked by tent caterpillars and nearby unattacked control trees declined within 14.5 days of the initiation of attack. No evidence was found for root connections between the trees. Given that plants in general (Hanover 1972; Rasmussen 1972; Abeles 1973; Freeland 1980; Smith 1981) , and willows in particular (Rasmussen 1970 ), emit volatile organic compounds into the atmosphere, and that in some cases the amounts and type of emissions can be changed by plant damage (Rhoades, in prep.) , Rhoades (1983a) proposed that plants could receive pheromonal signals emitted by nearby attacked trees. To test this idea, Baldwin and Schultz (1983) confined individually potted sugar maple seedlings in two growth chambers. They then tore leaves on some of the plants in one chamber and compared the phenolic chemistry of the damaged plants, undamaged plants in the same chamber (communication controls) and undamaged plants in the separate chamber (true controls), for several days following damage. They found increased levels of leaf total phenolics and tannins in leaves of the damaged plants and in the communication controls compared to the true controls. Similar results were obtained with poplar. Their results support the hypothesis of pheromonal communication between plants in response to damage. Perry and Pitman (in press) found changes in foliage toxicity of Douglas-fir to western spruce budworm that occurred coincidentally with the appearance of a rapidly building natural population of budworm in the vicinity of their study trees. They suggest intertree communication as a possible explanation for this result.
If damage-induced pheromonal communication between plants is common we can expect some herbivores to have evolved adaptations that suppress it ( fig.  2.11 ). This could occur as an indirect result of suppression of recognition of attack ( fig. 2.8 ) or through herbivore secretions that block the release of communication substances from the wound. Alternatively, some herbivores may themselves emit pheromonal countersignals to confuse, mimic, or otherwise interfere with the signals generated by plants ( fig. 2.12 ). For example, herbivores may produce a signal which causes plants to reallocate defensive substances from the attacked tissue to other tissues, leading to an increase in nutritional quality of the food.
Indeed, if plant pheromonal communication is common, it would be surprising if some herbivores did not exploit the system, especially considering that herbivores heavily utilize airborne chemical signals such as sex, alarm, and aggregation pheromones, many of which are closely related to or even derived from plant volatiles (Prokopy 1981; Roelofs 1981; Borden 1982; Wood 1982; Weldon 1983 ). An example of the reverse phenomenon, in which a plant interferes with a pheromonal communication system of an herbivore, is known in wild potato which repels aphids by releasing the alarm pheromone of the aphid (Gibson and Pickett 1983) . It is therefore possible that offensive-defensive interactions between herbivores and plants are conducted, in part, at the pheromonal level. If so, interactions at the level of gustation, plant tissue chemistry, and catabolic detoxification, stressed in much recent research, may in many cases assume a secondary role.
I suggest that the combinations of herbivore offensive tactics 2, 5, 8, 11, or 3, 6, 9, 12 (fig. 2) constitute alternative attack strategies, which I term stealth and opportunism, respectively.
STEALTH, OPPORTUNISM, AND HERBIVORE POPULATION DYNAMICS
Although all herbivore populations fluctuate to some degree, population levels of some species are much more variable and rise to much higher levels than others. Differences in generation times and intrinsic rates of population increase among herbivore species are obviously involved to some degree. Invertebrate and small vertebrate herbivores often have shorter generation times and higher reproduction rates than large vertebrate herbivores. This probably contributes to the higher variability of population numbers in the former group by allowing their populations to respond rapidly to favorable changes in food quality and other influences. There are, however, great differences in population variability even among invertebrate and small vertebrate species. In natural systems, most species of small herbivores have low, relatively stable populations but a few species show wide population swings (Berryman and Baltensweiler 1981; Schultz 1983b ). Schultz (1983b) estimated that fewer than 10% of the species listed in the Canadian Forest Survey of Lepidoptera (Prentice 1962 (Prentice , 1963 exhibit periodic or occasional outbreaks. Despite their small number, these pest species often constitute the most abundant and destructive herbivores in natural environments. I suggest that species with low, relatively constant populations may be stealthy, whereas those with variable populations may be opportunistic ( fig. 2, table 1 ), or at least may employ the latter strategy part of the time.
Population Dynamics of Stealthy Herbivores
Inhibition of plant defensive response is an important component of the proposed stealthy strategy. Since defensive responses are more likely to be induced as amount of damage increases, we can expect stealthy herbivores to display adaptations that minimize their impact on plant fitness. Thus, stealthy herbivores should attack tissues that are of relatively low value to their host plants, such as (1968) .
mature leaves as opposed to young leaves and growing tips, and they should efficiently convert plant biomass into herbivore biomass. They should also avoid their fellows when foraging or ovipositing since a plant experiencing attack from a single herbivore is less likely to respond defensively than one attacked by many. In other words, mutual interference should occur between stealthy herbivores that attack the same type of tissue. This should result in a solitary habit; the wide dispersal of single eggs by invertebrates (see Stamp 1980) ; a regular (even) dispersion (Southwood 1978) of damage among individual host plants; and territorial defense of the resource in some cases (table 1) . Territoriality is common among invertebrate and vertebrate folivores, particularly in butterflies, grasshoppers, and primates (Hladik 1978; Montgomery 1978; Baker 1983) . The stealthy strategy would lead to low and relatively constant populations because as herbivore populations rose above a certain level, rapid plant responses, acting on the attacking generation of herbivores, should lower their fecundity and increase their mortality. Besides directly affecting herbivores, the plant responses should also increase their susceptibility to parasitism and predation (see Price et al. 1980; Schultz 1983a; Rhoades 1983a) . Population levels of stealthy herbivores are thus viewed as being under the influence of rapid negative feedback from changes in plant nutritional quality and consumers at higher trophic levels.
Population Dynamics of Opportunistic Herbivores
For opportunistic herbivore species, two substrategies are suggested. First, they preferentially attack plants whose defenses are compromised by physical stress ( fig. 2.3) . After the period of stress has passed, the plants regain their defensive capabilities, responses are induced, and the herbivore populations collapse under the influence of direct nutritional effects and increased susceptibility to parasites and predators caused by poor food (Rhoades 1983a ). This results in eruptive population dynamics, with the timing of outbreaks correlated with climatic or other events stressful to plants. Outbreaks of locusts (see below), spruce budworm (Morris et al. 1958 ; see also Rhoades 1983a), and bark beetles (Berryman 1978) are in this category. If the period of plant stress is sustained, this results in continued high populations of herbivores and total destruction of the plant resource in some cases, leading to herbivore population collapse from lack of food. Strong migratory or dispersal ability should be characteristic of the herbivores to enable them to locate stressed hosts. Alternatively, opportunists invade a portion of their geographical range occupied by naive plants which have not been immunized by recent attack ( fig. 2.9) . High-quality food leads to a rapid and large increase in herbivore population. The plants ultimately increase their chemical defenses and the herbivores emigrate. In time the plants lose their immunity and the herbivores return. This results in cyclic population dynamics with the periodicity dependent on the induction and relaxation times of acquired immunity and associated changes in plant defensive commitment. Cycles of grouse, ptarmigan (Keith 1963) , voles, lemmings, snowshoe hares (Finerty 1980; Bryant 1981) , larch budmoth (Baltensweiler and Fischlin 1979) , and Urania moths (Smith, in press) may result from this mechanism.
Possibly, opportunists emit countersignals ( fig. 2 .12) that cause increased plant nutritional quality ( fig. 2.6 ) until recognition ( fig. 2.7) occurs. Alternatively, these signals may delay recognition and the onset of defensive responses. In contrast to stealthy herbivores, opportunists can be expected to display adaptations which stress their host plants (e.g., bark beetles and Sirex), and to attack tissues of high value to the plant. Mass attack, to overload plant defense mechanisms, may be an important component of the opportunistic strategy. Aggregation would also lead to numerical amplification of countersignals. In other words, mutual facilitation between opportunists is probable. We can therefore expect opportunists to display adaptations which promote aggregation, such as egg clustering (e.g., spruce budworm, Douglas-fir tussock moth, gypsy moth, tent caterpillars, fall webworm, fall cankerworm, armyworms, Urania moths, and locusts), aggregation pheromones (Prokopy 1981) , and coloniality. A contagious (clumped) spatial dispersion (Southwood 1978) of damage and a migratory habit are also to be expected (table  1) . Migratory behavior, however, is not a necessary requirement in species with variable populations if they undergo transition between stealthy and opportunistic phases (see Douglas-fir tussock and gypsy moths discussed below).
Rapid population build-up of opportunists would enable them to take the most advantage of transitory circumstances that impair plant defensive capability, thus selecting for high maximum fecundity and high maximum intrinsic rates of popula-tion increase in opportunists as opposed to stealthy herbivores. Growth rates, survival, and reproductive rates of opportunists should therefore be high during population eruption resulting from high-quality food and low during population collapse, whereas these properties should be relatively constant for stealthy herbivores. Similarly, mortality of opportunists from parasitism and predation should be low during population increase as the result of satiation and low susceptibility caused by high-quality food of the herbivores, whereas it should be high during collapse. On the other hand, stealthy herbivores should exhibit relatively constant rates of parasitism and predation (table 1). Populations of opportunists are thus viewed as being under the influence of positive feedback resulting from mutual facilitation and predator satiation during population increase, and delayed negative feedback from plant defensive responses and consumers at higher trophic levels during population decrease. Watt (1965) analyzed data for Macrolepidoptera gathered by the Canadian Forest Insect Survey and found that although there were far fewer gregarious species (n = 32) than solitary species (n = 520), gregarious species had much higher average abundances and far more variable population levels than solitary species. This finding supports the present analysis, but whether the same trend will be found for solitary and gregarious herbivore species other than Canadian forest Macrolepidoptera remains to be seen. Insects that feed colonially are generally more successful when raised en masse than when raised singly or in small groups on their food plant, whereas the converse is true for solitary species (Wellington 1957; Iwao 1968; Way and Cammell 1970; Shiga 1976; Peters and Barbosa 1977) . These observations are consistent with the hypothesis of mutual facilitation between opportunists and mutual interference between stealthy herbivores.
Host-Plant Specificity of Stealthy and Opportunistic Herbivores
Many species of herbivorous insects with variable populations such as gypsy moth, fall cankerworm, spruce budworm, fall webworm, locusts, and some tent caterpillar species appear to be dietary generalists in that they have been recorded attacking many different plant species (see Prentice 1962 Prentice , 1963 Uvarov 1977; Gerardi and Grimm 1979) . Watt (1964) , however, found that in Canadian forest Macrolepidoptera there is no clear-cut correlation between the degree of dietary generalism and variability of population numbers. If anything, he found that, on average, generalist species have slightly more variable populations than specialists. Arguments can be advanced in favor of both dietary specialization and generalism in stealthy and opportunistic herbivores. On one hand, from the "Jack-of-all-trades-master-of-none" hypothesis we might expect specialization to be evolutionarily favored in both groups since close association with few host species is likely to lead to the evolution of more-effective offensive adaptations than association with many hosts. On the other hand, opportunists should also be under selection for broad host range because this would provide them with more opportunities to exploit. The advantage to evenly dispersing their damage among plants should also select for broad host range in stealthy herbivores. Therefore, although the relationship between dietary specialization and population variability remains an open question, I suggest that little correlation will be found.
PHASE CHANGES IN HERBIVORES AND THEIR RELATIONSHIP TO POPULATION STABILITY
Striking changes in herbivore "quality" are often observed during population fluctuations. In extreme cases of this phenomenon discrete phases or ecotypes characteristic of endemic or epidemic populations have been recognized. I suggest that phase changes in herbivores may be due to facultative transition between the strategies of stealth and opportunism.
Locusts and Armyworms: A Population Model
The most widely recognized and distinct examples of phase polymorphism are found in locusts (Schistocerca gregaria, Locusta migratoria, Nomadacris septemfasciata, Locustana pardalina, Chortoicetes terminifera, and other species; Uvarov 1966) . At low population densities, the solitaria phase occurs. In this phase, each locust lives well separated from other individuals. Nymphs hatching from egg pods laid by solitary females are cryptically colored (light gray, fawn, or green; Uvarov 1966). Hatching is asynchronous and the nymphs scatter upon emergence (Kennedy 1956 ). The gregaria phase occurs at high population density. Adults of this phase are more active than solitaria adults. They aggregate during feeding and egg laying to produce vast fields of egg pods which hatch synchronously, and they take flight in cohesive migratory swarms (Nolte 1974; Uvarov 1966 Uvarov , 1977 . Adults of the two phases differ morphometrically (Uvarov 1966) . Gregaria nymphs are much darker than solitaria nymphs, because of the presence of melanin in their cuticle. Together with yellow or orange markings, this dark coloration makes them more conspicuous than solitaria nymphs. Gregaria nymphs are more active than solitaria nymphs, they grow faster, and have a marked tendency to aggregate when feeding and resting (Kennedy 1956; Nolte 1974; Uvarov 1966 Uvarov , 1977 . Most investigators have reported higher metabolic rates in gregaria than in solitaria (Butler and Innes 1936; Uvarov 1966) .
Intermediate forms occur both in the field and in the laboratory (Kennedy 1956 ). In the laboratory, phase change can be induced by raising nymphs under crowded or solitary conditions. The transition begins within the first generation, but continuous exposure to the appropriate conditions for two or more generations is more effective (Kennedy 1956; Uvarov 1966) . These changes result from phenotypic plasticity, since they occur without the intervention of selection. Transition to the gregaria form and aggregation of locusts are stimulated by an airborne "gregarization pheromone" produced in the feces of crowded nymphs (Nolte 1963 (Nolte , 1977 Ellis and Gillett 1968; Gillett 1968; Gillett and Phillips 1977) . Nolte (1974 Nolte ( , 1977 claimed that he had identified this pheromone as 2-methoxy-5-ethylphenol in a number of locust species and that this compound caused changes in chromosome morphology (increased chiasma frequencies) in the dividing cells of testes of exposed nymphs, but his findings have been vigorously challenged (Dearn 1974a (Dearn , 1974b Gillett 1983 ). Gillett and Phillips (1977) found evidence for a solitarizing pheromone produced in the feces of adults.
Solitaria and gregaria differ in so many morphological, physiological, and behavioral ways that they were regarded as different species until Uvarov (1921 Uvarov ( , 1928 proposed his phase theory. The phase theory explained the taxonomic puzzle of the sudden appearance and disappearance of destructive pests, which could not be found except during periods of high abundance. It did not explain why populations of locusts sometimes rise to a density sufficient to trigger the appearance of the destructive form (Key 1950) .
Population explosions of locusts are of the irregular, eruptive type (Key 1950; Kennedy 1956; Uvarov 1977) . Outbreaks are initiated from restricted areas within the geographic range of the solitaria form which itself exhibits a narrower range of occurrence than that invaded by the gregaria form (Tsyplenkov 1978; Kennedy 1956; Uvarov 1977) . Typically these outbreak foci are river deltas, floodplains, lake margins, and other areas likely to experience wide seasonal and annual variation in soil moisture, and in which the effects of local or distant deviations in rainfall are likely to be magnified (Symmons 1978; Tsyplenkov 1978) . At intervals, which may vary between 3 and 20 or more yr, the populations of locusts undergo a dramatic increase associated with the appearance of the gregaria phase. Migratory marching and flight by gregarized nymphs and adults from the outbreak foci lead to progressive invasion, by subsequent generations, of areas far removed from the point of origin of the outbreak. After a number of years, which may vary between 2 or 3 and 15 or more, the outbreak subsides, the locusts become solitarized, and disperse back to their restricted habitat. It is generally accepted that variations in degree of parasitism and predation are not responsible for population surges and collapses (Tsyplenkov 1978; Uvarov 1977) .
An association between the timing of the initiation of locust outbreaks and drought, or in some cases excessive precipitation, has been known for many years (see Tsyplenkov 1978; White 1976 ). Many workers have assumed that this association is caused by direct effects on locust mortality and natality, but it now appears that the influence of weather on locust populations is mainly indirect by somehow altering the habitat of the solitary form (Tsyplenkov 1978; White 1976) . White (1976) , as part of his general hypothesis to explain the association between insect outbreaks and unusual weather, has suggested that stress of locust food plants (mainly graminoids and forbs), as a result of deviant rainfall, leads to increased food quality of the plants resulting in an outbreak. In White's scheme, outbreaks are thus most likely to be initiated from restricted areas with unpredictable soil moisture contents, which most of them are. White (1976) does not address phase transformation, however, and his hypothesis does not explain why locust outbreaks continue long after weather stress has passed, why swarms can invade and increase in areas of unstressed plants, and why outbreaks ultimately collapse.
I suggest the following scheme which combines White's stress hypothesis with concepts of alternative attack strategies of herbivores and attack-induced changes in defensive posture of plants, developed earlier in this paper. The combination of morphological, physiological, and behavioral attributes which constitute the solitaria phase are adaptations which enable these insects to attack their food plants using the stealth strategy. This strategy is employed at low population densities by locusts, and it is the mode characteristic of nonpest grasshopper species. Low metabolic rates and a sedentary habit permit efficient conversion of plant to insect biomass and minimal damage to food plants per unit converted. Behavioral dispersion minimizes damage to individual food plants. This may be combined with adaptations, such as salivary secretions, to suppress recognition of attack by the food plants. Territoriality, exhibited by some grasshopper species, is to be expected in solitaria. Populations are held in check by rapid plant defensive responses induced when the total populations of locusts and other stealthy herbivores rise above a critical level. Plant defensive responses exert direct effects on mortality and natality of solitaria and also increase their susceptibility to parasites and pathogens.
Following any event which leads to a high population density of solitaria they can change into the opportunistic gregaria form, and an outbreak will result, if the local food plants have not been recently attacked by gregaria. The most important triggering event is water stress to the host plants in the outbreak foci which compromises plant defenses, leading to rapid population build-up and gregarization of the locusts. Concentration of scattered solitaria by convergent airflows may be another mechanism whereby outbreaks are initiated (Waloff 1966 (Waloff , 1972 . Following food depletion in the foci, the gregarious locusts migrate en masse into surrounding areas of unstressed food plants. Given that these unstressed food plants have not been recently attacked by gregaria, the gregarious locusts, acting in concert, can induce favorable food quality in the plants. This may be accomplished by mass attack which overloads rapid response capability in the plants (cf. bark beetles) and maintains food quality near the constitutive level (alternative A). Alternatively, gregaria may produce offensive pheromones in their saliva or emit them into the air which cause an increase in food quality above the constitutive level (alternative B). This may be accomplished by causing the plants to reduce the concentration of defensive metabolites in their aerial parts, or to increase the levels of nutrients in them, or both. The airborne offensive pheromone and the gregarization pheromone (discussed above) may be one and the same. High metabolic rate and high levels of locomotory activity lead to inefficient conversion of plant to insect biomass and high damage to the food plants per unit converted. The opportunistic strategy is successful only on naive plants. After a short period, perhaps after a single mass attack, the plants become resistant. This would account for the marching behavior of gregarious nymphs (Uvarov 1977) which constantly exposes them to unattacked plants. With respect to alternative A (above), acquired resistance may be manifest as powerful delayed defensive responses in the remaining portions of attacked plants. In alternative B, which I favor, resistance may be due to a recognition process involving alteration of the receptivity of the plants to the offensive pheromones of the locusts following previous attack, such that increased nutritional quality is no longer stimulated by the pheromones. Indeed, following immunization, the offensive pheromone may stimulate decreased nutritional quality.
As plant populations become immunized, the swarm migrates into naive plant populations. The swarm increases in size as a result of high fecundity, non-diapausing eggs, and gregarization of resident solitaria in invaded areas (see Key 1950) . This leads to progressive invasion of areas remote from the original outbreak foci (see Uvarov 1977) . The outbreak subsides when the swarm is unable to locate naive food-plant populations. At this time solitarization and dispersal to the solitaria habitat occur. After a number of years (I suggest 3 to 4 yr) the plants lose their acquired resistance and again become vulnerable to invasion by gregaria. Thus, there is potential for cyclicity in the population dynamics of locusts, with the cycle period dependent on the time span of induction plus relaxation of acquired resistance. I further suggest that the periodicity is rarely manifest because the average time span between triggering events is long compared to the induction-relaxation time. This scheme has similarities to that proposed by Berryman and others for the initiation and propagation of bark beetle epidemics (see Berryman 1978) . At low population densities, the beetles persist in individual trees weakened by lightning strike, disease, ice and wind storms, and other factors, but are unable to successfully attack healthy trees. At high population density, however, the beetles can overcome healthy trees. So, any event which leads to the formation of a large local population, such as temporary weather stress of the trees or damage from cultural operations, can result in a selfsustaining outbreak of beetles that progressively invades areas of healthy trees far removed from the site of initiation.
The population ecology and phase transformation of armyworms (groundfeeding noctuid moths) share many striking similarities with those of locusts. The African armyworm Spodoptera exempta is a well-studied example. Outbreaks are of the eruptive type (Khasimuddin 1981a; Odiyo 1981) . African armyworms feed mainly on grasses and sedges (Odiyo 1981) . At low densities the larvae are mainly green in color, solitary, sluggish, inconspicuous, and have low feeding rates. During population outbreaks, the larvae are predominantly black in color, gregarious, active, conspicuous, developmentally synchronized, highly voracious, and exhibit marching behavior (Faure 1943 b; Rose 1975; Khasimuddin 1981 Khasimuddin a, 1981 Odiyo 1981) . The gregarious phase grows faster than the solitary phase (Rose 1975) . Transition between forms can occur in one generation. When raised under crowded conditions gregarious-phase larvae are produced, whereas when raised singly, solitary-phase larvae result (Khasimuddin 1981 a) . Dark-colored, active, fast-growing forms of other species of noctuid moth larvae can be induced by crowding (Faure 1943a; Matthee 1947; Iwao 1962) . Eggs of armyworms are laid in masses (Rose 1975) . Adults from gregarious larvae tend to migrate readily, while moths from solitary larvae usually oviposit in the same general area that they were raised in, to produce endemic populations (Odiyo 1981) . During outbreak years, migration of adults leads to progressive shifts in the position of outbreak epicenters at monthly intervals (the generation time; Odiyo 1981) . Rose (1975) found restricted outbreaks in two areas 150 km apart, in both of which heavy out-ofseason hailstorms had occurred 2 to 3 wk before the outbreaks were reported. This suggests that food-plant stress may be important in initiating outbreaks of the African armyworm. I suggest the same general scheme to explain population outbreaks and phase polymorphism in armyworms as that suggested for locusts.
Incipient Phase Polymorphism
The appearance of dark-colored forms at high population density in the field or when raised under crowded conditions in the laboratory is not unique to locusts (Orthoptera:Acrididae) and armyworms (Lepidoptera:Noctuidae). It has been observed in many other herbivorous insects in the orders Lepidoptera and Orthoptera, namely, larch budmoth (Tortricidae; Day and Baltensweiler 1972; Baltensweiler et al. 1977) ; species of Plusiidae (Long 1953) ; Saturniidae (Long 1953; Iwao 1968) ; Notodontidae, Geometridae, Sphingidae (Iwao 1968; Futuyma et al. 1981; Mitter and Futuyma 1983) ; species of Noctuidae not normally classified as armyworms (Long 1953; Iwao 1968) ; katydids (Tettigoniidae; Chopard 1949); walkingstick insects (Phasmidae; Key 1957); and a cricket (Gryllidae; FuzeauBraesch 1960 FuzeauBraesch , 1968 . The dark crowded larvae usually grow faster, are more active, and have lower mortality than the pale solitary forms when raised on their food plants. Interestingly, the species displaying this incipient phase polymorphism are, where known, those whose populations are prone to erupt to high levels. Usually they lay their eggs in clusters and the larvae have a colonial or semicolonial habit at least part of the time.
The low-density forms are pale-colored and relatively inactive whereas the high-density forms are dark-colored and active possibly because they are stealthy and opportunistic, respectively. The stealthy strategy is to minimize damage suffered by the plant per unit of plant biomass converted to insect biomass, to avoid inducing defensive responses in the plant. In other words, stealthy forms or species are ECI (table 1) maximizers. This strategy requires low levels of physical activity and low metabolic rate. Low metabolic rate is promoted by low body temperature so the low-density forms are pale-colored possibly to reduce incident radiation load and enable them to readily maintain a low body temperature. On the other hand, the strategy of opportunists is "hit and run." This strategy requires high levels of physical activity and a high metabolic rate. Opportunists may attempt to maximize the rate of conversion of plant material to insect biomass (RCI) rather than the efficiency of conversion (see Smith 1976) . Higher rates of conversion are promoted by higher body temperatures so the high-density forms are dark-colored possibly to increase absorption of solar radiation and help maintain high body temperature (table 1) .
To date, the nutritional ecology of herbivores and their various nutritional indices such as growth rates, efficiencies of conversion, and food digestibility have been examined largely in terms of the degree of food-plant specialization of the herbivores (monophagous, oligophagous, polyphagous) and the growth form (herb, shrub, tree) of their food plants (Scriber and Feeny 1979; Scriber and Slansky 1981; Scriber 1983 ). The present analysis suggests that the attack strategies of herbivores may also be important, perhaps of overriding importance, in determining these parameters. In general, we should expect innocuous species, with low, relatively invariant population levels, to exhibit high ECI, food digestibility (AD), and low feeding rates (CL), and RCI. On the other hand, species with variable populations (pest species) should exhibit low ECI, AD, and variable CI and RCI (see table 1 ).
Other striking changes in herbivore "quality" besides color changes have been observed between high-and low-density populations, and during population increases and declines, for insects, voles, and grouse (see Haukioja and Hakala 1975; Rhoades 1983a) . Usually, the forms predominant in increasing populations are more fecund, more active, and have lower mortality than those characteristic of declining populations. These changes can be interpreted as merely the result of changing food quality during increase and decline but a component of incipient phase polymorphism is probable.
In cases of locusts, armyworms, and other insects previously discussed, where transition between light and dark morphs can be induced in one or a few generations by crowding, it is clear that the changes are the result of plasticity rather than differential survival of light or dark genotypes. The same is probably generally true of phase change and other changes in herbivore quality during population fluctuations. The association between herbivore population variability and migratory ability has been emphasized in this paper. However, the females of some tree-feeding species of insects with variable population levels have reduced wings or, even if they possess developed wings, they rarely fly. This is true of Douglas-fir tussock moth (Brookes et al. 1978) ; gypsy moth (Gerardi and Grimm 1979) ; many other species of Lymantriidae (Browne 1968) ; and fall cankerworm (Geometridae; Mitter and Futuyma 1983) . Similar to most insects with variable populations, these insects deposit their eggs in masses. The flightless habit possibly arose as part of an alternating stealthy-opportunistic attack strategy as in the following scheme. At low density, the insects are stealthy. Upon hatching from the egg mass, the larvae immediately disperse by crawling or silk ballooning to lead a solitary life utilizing adaptations to suppress recognition and minimize plant damage as previously discussed. There comes a point when the plants have lost their acquired immunity to the opportunistic form, upon which the insects switch to that strategy. Instead of dispersing, the opportunistic larvae maintain loose aggregations and utilize adaptations to increase the nutritional quality of the food plants. An outbreak erupts, the plants become resistant, and the outbreak subsides. Surviving insects revert to the stealthy form, reestablishing an endemic population. Induction of the opportunistic form and rapid population build-up may be aided by physical stress of the food plants (see V. I. Benkevitch [1961] [1962] [1963] [1964] , M. G. Khanislamov et al. [1962] as summarized in Campbell et al. [1978] , Bess [1947] , Spurr et al. [1947] , Campbell and Sloan [1977] for evidence of association between outbreaks of gypsy moth with weather and other stresses of host trees; see Brookes et al. [1978] for similar effects on Douglas-fir tussock moth). This scheme predicts a fundamental cyclicity in the population dynamics of the insects, which is determined by the induction and relaxation times of acquired immunity, but which is modulated in amplitude and exact timing by physical stress of the host plants. The population dynamics of Douglas-fir tussock moth match this pattern remarkably well. In the western United States, outbreaks of tussock moth have occurred on average every 8 to 9 yr (Mason and Luck 1978) . Stage (1978) found that the timing of outbreaks can be predicted if it is assumed that there is a minimum waiting time of 7 yr from the date of the previous outbreak, to which is added a short random time period in which a critical event occurs, with an annual probability of 0.3. The waiting time is probably induction plus relaxation of acquired host resistance and the critical event is probably physical stress of the trees. A tendency for female Sightlessness to evolve in insects with sessile stealthy and opportunistic phases would be expected since this allows increased allocation of resources to egg production. This tendency would be reinforced in species which attack trees, since large food-plant size would allow effective within-plant dispersion of stealthy-phase larvae, and long food-plant life span may allow adaptation over many generations of the insects to the properties of individual trees if females oviposit on the same trees on which they fed as larvae (see Alstad and Edmunds 1983) .
There are two main differences between the proposed tussock moth scheme and that previously outlined for locusts and armyworms. First, in the tussock moth case, epidemics erupt from and collapse to endemic populations, rather than proceeding under the influence of migration. Second, in the tussock moth case, the average time span between events stressful to the food plants is short compared to plant defensive induction-relaxation time, whereas in the case of locusts and armyworms the opposite was proposed. Thus, for tussock moth the fundamental periodicity of the cycle is revealed, whereas for locusts and armyworms it is normally masked. The interaction between the timing of events stressful to food plants and the time span of induction plus relaxation of acquired resistance to herbivore attack may explain other cases of eruptive and cyclic herbivore population behavior (see Rhoades 1983a, fig. 3 , and discussion). It is interesting to note that major outbreaks of tussock moth have been recorded mainly at interior sites with extreme continental climates in the western United States (Beckwith 1978) , where host stress would be expected to be more intense and more frequent than in coastal regions with mesic maritime climates. Major outbreaks have not been reported in coastal areas, although low-density endemic populations of tussock moth are present. An alternative explanation for the geographical distribution of Douglas-fir tussock moth outbreaks is that there are genetic differences in defensive responses between plants in the two regions. Based partly on the work of Haukioja and coworkers (Haukioja 1980) , I suggested that the propensity of herbivore outbreaks to occur in regions of harsh climate (high latitude and altitude) was due to recent climatic warming which enabled herbivores to invade the cooler regions of their range. Because they had been partly protected from the herbivores by their physical location, the plants in the cooler regions were suggested to have evolved weak rapid-defensive responses but strong delayed responses, and this promoted herbivore population instability (see Rhoades 1983a, pp. 191-193) .
Parthenogenesis and Population Stability J. C. Schultz (personal communication) has suggested that parthenogenesis may be particularly common in herbivorous insect species with variable popula-tion levels. Among such species, parthenogenesis occurs frequently in fall cankerworm (Mitter et al. 1979; Mitter and Futuyma 1983) , pest species of sawflies (Koehler 1956; Wagner and Benjamin 1981) , and aphids (Way 1973) , and occasionally in gypsy moth (Gerardi and Grimm 1979) and locusts (Kennedy 1956; Uvarov 1966) . Facultative or obligate parthenogenesis also occurs in many other herbivorous species of Orthoptera, Homoptera, Coeloptera, Lepidoptera, and Diptera (Cockayne 1938; White 1973; Went 1982) . It is conceivable that thelytokous (female-producing) parthenogenesis may be more common among opportunistic species or phases than among stealthy herbivores since by dispensing with males, opportunists could achieve a more rapid population build-up than with a sexually reproducing population (table 1) . Facultative thelytokous parthenogenesis, combined with facultative winglessness, would be an ideal combination of adaptations for opportunists. These are precisely the characteristics, together with aggregation during population build-up, shown by many pest aphid species (Bonnemaison 1968; Dixon 1973; Way 1973) .
CONCLUDING REMARKS
The concept of alternative herbivore attack strategies, developed here, explains variability and invariance in herbivore population levels. It also explains phase polymorphism in herbivores and suggests that qualitative changes observed in many herbivore species during population fluctuations are incipient phase transitions. Developed to account for the properties of small herbivore species, these ideas may also be applicable to large herbivores. For instance, sloths may be slothful, howler monkeys may howl, and koalas may be sedentary (see Montgomery 1978) , because they are stealthy.
It can be shown by simple arithmetic that for two species of organisms with the same mean reproductive rate, when arithmetically averaged over several generations, but with different variances in reproductive rate from one generation to the next, the species with lower variance will leave more progeny in the long term (Gillespie 1974; Root and Kareiva 1983) . In an invariant environment we would therefore expect the evolution of invariant reproductive rates across generations for all species. The continuing existence of herbivore species with highly variable population levels and reproductive rates occurs in spite of this leveling process, and is probably maintained by variations in the environment which create opportunities for opportunists to exploit.
Herbivore population dynamics are probably better understood in terms of varying quality and quantity of both plants and herbivores (see Haukioja and Hakala 1975; Denno and McClure 1983) than in terms of only quantitative changes in amount of vegetation and numbers of herbivores. In natural systems, herbivores rarely reach outbreak levels. They usually consume only a small fraction of the net primary production (Hairston et al. 1960; Mattson and Addy 1975; Fox and Morrow 1983) . Even in grasslands, which tend to be heavily utilized compared to most plant communities, consumption usually ranges only from 25% to 50% (Dyer et al. 1982) . Thus, in terms of food quantity, herbivores must seldom compete with each other. In addition, aggregation with conspecifics during feeding clearly benefits many herbivores. (Besides cases previously discussed see Teale 1949; Long 1955; Kalkowski 1958; Ghent 1960; Iwao 1968; Way and Cammell 1970; Shiga 1976; Hikada 1977; Kalin and Knerer 1977; Peters and Barbosa 1977; Weyh and Maschwitz 1978; Fitzgerald and Edgerley 1979; Capinera 1980; Haukioja 1980; Tsubaki 1981 ; and references therein.) Positive interactions in terms of food choice and reproductive success are also common between herbivore species. They occur between bark beetle species (Wood and Bedard 1977; Birch et al. 1980; Borden 1982) ; between boring beetles and defoliators (Staley 1965; Nichols 1968; Dunbar and Stephens 1976; Schultz and Allen 1977; Berryman and Wright 1978) ; between insects inhabiting Heliconia bracts (Seifert and Seifert 1976) ; between a folivorous grasshopper and a stem-girdling beetle (Lewis 1979) ; between stem-girdling beetles and other insects (Mares et al. 1977) ; among ungulate species (Bell 1971; McNaughton 1976) ; between prairie dogs and bison (Coppock et al. 1983) ; and possibly between snail species (Hershey 1983) . Therefore, that simple competition theory based largely on changes in amount of resources has proved of little value in explaining co-occurrence and other patterns of herbivores (Hairston et al. 1960; Lawton and Strong 1981; Strong 1983 ) is not surprising.
On the other hand, the evidence that herbivore attack can lead to decreased plant nutritional quality, caused by plant defensive response, is substantial and growing rapidly. These changes in quality can be induced by low levels of damage (see Rhoades 1983b) . There is also evidence that individual herbivores and aggregations of herbivores can actively induce favorable changes in food-plant quality. These changes in food quality can be expected to affect both the inducing species and other herbivore species. Therefore, although negative interactions between herbivores mediated through decreased food quantity are probably rare, both negative and positive interactions mediated through changes in food quality are probably common. I therefore suggest that the concept of competition among herbivores is of limited value because, by definition, it encompasses only negative interactions. Interactions among herbivores are more comprehensively described in terms of the dual, complementary concepts of interference and facilitation. Within species of stealthy herbivores and among stealthy species that feed on the same tissue, interactions are mediated through interference, whereas the interactions within and among species of opportunistic herbivores are mediated through facilitation during population increase, and delayed interference during population decrease. Stealthy herbivores should have little effect on the population dynamics of opportunists. On the other hand, opportunists can be expected to facilitate or interfere with population growth of stealthy herbivores that feed on the same tissue, during population increase or decrease of the opportunists, respectively. Interactions among opportunists that feed on different tissues and effects of opportunists on stealthy herbivores that feed on different tissues should depend on the degree to which reallocation of defensive metabolites occurs between attacked and nonattacked tissues.
There is a clear analogy between the opportunism-stealth dichotomy of attack strategies and the r-K continuum of life history strategies developed by MacArthur and Wilson (1967) . In many ways, opportunism and stealth can be considered to be special cases of r-and K-selected life histories, respectively (cf . table 1 with  Pianka 1970, table 1 ; see also Southwood 1976 ). The main difference is that in the present scheme individual stealthy and opportunistic herbivores both strongly interact with other herbivores, in the first case by interference, and in the second case by facilitation and interference. In r-K theory, individual K-strategists compete (interfere) strongly with other organisms at the same trophic level, but rstrategists interact with them minimally.
In the same way that changes in plant quality are proving to be important in herbivore-plant interactions, changes in prey behavior (quality) may also be important in predator-prey interactions in general. Symmetrical and asymmetrical facilitation are common among predators, for example, wolf packs, mixed-species foraging flocks of birds, and army ant-bird associations. According to Potts (1981) , primary outbreaks of crown-of-thorns starfish preying on coral polyps are probably caused by aggregations of adults from normal low-density populations, or enhanced larval recruitment, following abnormal storms and other disturbances. Antonelli and Kazarinoff (1983) have found that the population dynamics of the starfish can be successfully modeled if they include a quadratic "cooperative" term in the predator equation. This underlines the importance of aggregation and suggests mutual facilitation within aggregations of the starfish. By analogy with plant-herbivore systems, I suggest that the population dynamics of crown-ofthorns starfish can be understood in terms of transition by the starfish between stealthy and opportunistic attack strategies, in response to stress of coral polyps which lowers their defensive capacity. I further suggest that induced defensive responses of coral will prove important in the population dynamics of the starfish.
Facilitation between producer species may also be common (e.g., see Connell and Slatyer 1977) . In my view, the present controversy concerning the importance of competition in structuring communities (see Lewin 1983a Lewin , 1983b Salt 1984 ) is a direct result of the narrow focus of competition theory on negative influences among organisms resulting from mutually induced decrease in resource quantity. If community structure is determined by a combination of interference, facilitation, changes in resource quantity and quality, and alternative strategies of organisms at each trophic level, the observation that communities do not conform to the patterns predicted by competition theory is to be expected. This viewpoint is far different from that expressed by some participants in the current competition controversy (see Lewin 1983a Lewin , 1983b , who would have us believe that ecological generalizations are of little value, and that communities are structured largely by random factors.
SUMMARY
A consideration of known defensive attributes of plants, and others that can be reasonably postulated, leads to the description of two alternative offensive strategies of herbivores, termed stealth and opportunism, to counter plant defenses. Stealthy herbivores display adaptations to minimize damage and defensive responses of their food plants. On the other hand, opportunists take advantage of circumstances, such as physical stress and loss of acquired resistance of food plants, that impair plant defensive capability. In addition, opportunists themselves display adaptations, such as mass-attack behavior, that stress food plants.
Herbivore species with low, relatively invariant population levels may be stealthy, whereas those with variable population levels may be opportunistic. Phase changes in herbivores may be the result of transition between the two strategies. It is suggested that interactions within and among species of herbivores are better understood in terms of interference and facilitation than in terms of competition. 
